Abstract. Fruit tree responses to foliar urea sprays are variable. We hypothesized that such variability is a function of leaf age-related changes in urea-N mobility after urea is absorbed. Two experiments were conducted to study the distribution of urea-derived N in shoots and branches of apple (Malus ×domestica Borkh.) trees. Urea labeled with 15 N was applied to young expanding leaves in spring and to senescing spur leaves in fall. At the low concentrations used [0.5%, 1%, and 2% (w/v)], very little spring-applied 15 N was found in tissues other than the treated leaf. Fall-applied urea-15 N, however, was detected in high concentrations in dormant buds and bark of the spurs to which the treated leaves were attached. Almost no N was exported to neighboring tissues. The following spring, there was some redistribution of labeled N to adjacent buds. Foliar urea sprays applied immediately after harvest contributed most to bud N; less urea-N was exported to the buds following later fall applications.
The effectiveness of spring-applied foliar urea sprays for fruit trees is controversial. Some researchers have claimed that foliar urea applied in the spring is equally or more effective than soil N applications in improving fruit set and subsequent fruit size and yield (Blasberg, 1953; Fisher and Cook, 1950) . Others have found that the effects of this practice are largely confined to the sprayed leaves and do not affect fruiting or the N status of the entire tree (Forshey, 1963) . We believe that one of the main factors behind this inconsistency is lack of within-plant mobility of ureaderived N when urea is applied at low concentrations, so as not to injure tender tissues early in the season. Proebsting (1957) found no yield response of pear trees (Pyrus communis L.) to spring foliar-sprays of urea at concentrations ranging from 0.2% to 0.5% (w/v). In contrast, Rejeb et al. (1991) reported increases in yield and shoot growth of 'Bartlett' pear trees after one or two postbloom sprays of a 1.5% (w/v) urea solution. argued that N moving into expanding pear leaves is used to build cell structure rather than being incorporated into enzymes or storage compounds. Structural N may be more difficult to remobilize than N that accumulates in leaves later in the season (Khemira et al., 1998) . We hypothesized that, following urea application at low concentrations to young expanding leaves, N would remain in those leaves and exhibit little, if any, export to other lected from one of the two shoots with a treated leaf: 1) the treated leaf, 2) the older leaf immediately below, 3) a younger leaf from the shoot-tip (≈8 cm away), 4) a 2-cm-long stem section 1 cm below the treated leaf, and 5) a similar section 1 cm above the treated leaf. These two stem sections were combined into one sample. The section of the shoot bearing the treated leaf was discarded to preclude any direct contamination with 15 N from runoff during application. This sampling was repeated 6 weeks later.
After sampling, tissues were carefully washed with 0.1% Alconox detergent (Alconox, New York) and thoroughly rinsed once with warm tap water and once with deionized water to remove residual urea from external surfaces. The samples were then ovendried at 60 °C for at least 3 d and ground to pass a 40-mesh screen before the isotopic composition was determined by mass spectrometry at Isotope Services (Los Alamos, N.M.). Atom percent 15 N values were converted to nitrogen derived from the fertilizer (NDFF) using the following formula (adapted from Hauck and Bremner, 1976 N). The solution contained 0.1% (v/ v) Triton X100. Branches and spurs surrounding the treated tissues and the ground under the tree were covered with plastic sheets to preclude any contamination with labeled urea. The treated spurs and branches were then covered with plastic bags and the whole trees sprayed to runoff with a 7.5% (w/v) solution of nonlabeled urea. Fallen leaves were removed from under the trees to prevent ground contamination with 15 N. On 23 Dec., five buds and 2-cm-long strips of surrounding bark from the individually treated spurs and five others from the treated branches were collected from each tree. Additionally, buds and bark 10 cm below (proximal 1) or above (distal 1) and those 20 cm below (proximal 2) or above (distal 2) a treated spur were sampled. Buds and bark were also sampled from an adjacent and a distant branch. This sampling was repeated at full bloom (12 Apr. 1993 ) and the following winter (4 Jan. 1994). The buds and bark strips were washed, processed, and analyzed as in Expt. 1. Data from each sampling date were analyzed separately as a randomized complete-block design (each tree was a block) using PROC GLM (SAS 6.12; SAS Institute).
organs. To investigate this hypothesis, the distribution of N derived from urea sprayed onto apple leaves in spring and autumn was studied.
Since Oland (1960) first introduced the use of autumn urea sprays to increase the N reserves of apple trees, a considerable amount of literature has accumulated on the subject (O'Kennedy et al., 1975; Oland, 1960 Oland, , 1963 Shim et al., 1972 Shim et al., , 1973 Williams, 1965) . However, the relationship between time of urea application in the fall and translocation efficiency of the resulting N has received little attention. Since leaves may be injured and photosynthetic capacity of the tree decreased after spraying, a late application of urea may be more favorable than an early one. However, following a late fall application of urea, maturation of the abscission zone and severance of the vascular connections between the leaf petiole and the stem or spur may limit movement of N into the tree (Hill-Cottingham, 1968) . We hypothesized that urea sprays applied during late stages of leaf senescence would be least efficient in providing N to the bud. We therefore initiated an experiment to study the relationship between time of urea application in the fall and movement of urea-N from leaves to buds. All treatments were applied in the mornings of sunny days, but the average day temperature was lower on 18 Nov. than on the earlier dates. Buds from the treated spurs were collected on 3 Jan. 1995. They were promptly washed, oven-dried, and analyzed as in Expt 1.
Materials and Methods

Expt
Results and Discussion
Expt 1. Mobility of urea-derived N from young leaves. Treated leaves reached their final size within 1 month after application of 15 15 N was largely restricted, for the duration of the experiment, to the leaf where it was applied (Table 1) . Similar results were obtained 10 weeks after application (data not shown). Little 15 N label was recovered in leaves sprayed with the 0.5% urea solution, but following the 1% treatment, treated leaves showed 5.0% NDFF, and this increased to 10.1% when the urea concentration was doubled. Whether failure to detect 15 N in leaves following postbloom application of 0.5% urea was due to limited absorption or excessive dilution of the label within the expanding leaves is not clear. However, uptake of solutes across the leaf cuticle is directly proportional to concentration of the spray solution (Kannan, 1986) . In pear trees, no yield response to spring foliar urea was obtained using concentrations ranging from 0.2% to 0.5% (Proebsting, 1957) . Repeated applications of low concentrations of urea are sometimes effective in improving yield; Blasberg (1953) reported higher yields for 'McIntosh' apple with four sprays of a 0.6% urea solution in spring, but the response was less with three sprays.
The leaves immediately below or above, and the stem-sections 1 cm away from, the treated leaves had only small percentages of NDFF (Table 1) . These results are in agreement with earlier reports of immobility of urea-N from spring foliar sprays (Forshey, 1963) . Mobility of urea-derived N varies with the physiological age of sprayed leaves. The lack of mobility of urea-derived N in our study may be an extreme case compared with what is reported elsewhere. Unlike other investigations, we used only young shoot-leaves (<30% of their final size). Our study did not address whether urea sprayed on more mature leaves is mobile early in the season. However, found that little of soilderived leaf N was exported out of pear leaves until late in the season, and that the net efflux of endogenous N did not start until onset of senescence in October in Medford, Ore.
In some cases, lack of effectiveness of urea treatments may be due to spray solutions being too dilute to contribute effectively to tree Nbudget. Differences in urea mobility due to differences in leaf age could also explain inconsistent responses to spring foliar sprays.
Expt. 2. Mobility of urea-derived N from fall foliar applications. Ten weeks after urea application (23 Dec.), a substantial fraction of the N content of dormant flower buds from both individually sprayed spurs and branches was derived from the applied urea (16.1% and 38.5% NDFF, respectively, Table 2 ). However, very little labeled N was found in buds on spurs either above or below those treated. Similarly, buds from branches adjacent to the 15 N-sprayed branch contained negligible amounts of label ( Table 2 ). The treated branches had higher percentages of NDFF than the individually treated spurs because they were sprayed more liberally. With the spurs, we were careful not to contaminate the leaves of adjacent spurs and applied a lower volume of treatment solution (data not shown).
Our data clearly indicated limited movement of urea-derived N beyond the tissues where it was applied. Similar results were reported for 'Comice' pear . This differs from previous reports by Shim et al. (1973) and Swietlik and Faust (1984) . In both studies, some foliarly applied urea or its metabolites was translocated to the roots within a few days after application. However, they used young apple seedlings or rooted cuttings, which have limited storage capacity. We believe that older bearing trees, with larger N storage sites, behave differently from much smaller plants. Extrapolation of data on N transport and distribution from small to mature trees may be inappropriate.
By Spring 1993, the percentage of 15 N in the treated buds had decreased considerably, although the NDFF values were still higher than those in neighboring buds (Table 2) . This decrease could be a dilution effect due to mobilization of unlabeled storage N from surrounding bark and wood, or a sharing of the label with adjacent buds. The NDFF values for treated buds had declined further by the following winter (Jan. 1994). Although urea-N remains near the site of its absorption during the first fall and winter after application, it is probably redistributed throughout the apple tree in subsequent years, as is the case for pears . Declining NDFF was expected, since labeled N was probably exported in the harvested fruit and senescent leaves, incorporated into the perennial parts of the tree and/or diluted with N from unlabeled sources.
Postharvest urea sprays may provide a valuable method to target buds and their surrounding tissues. This practice increases N reserves available for the buds without the excessive vigor often associated with heavy groundapplications of N fertilizers early in the season.
Expt. 3. Effect of timing of fall application on urea-derived N export. The 10 Oct. spray was the most effective of the three application dates in providing N for the buds (Fig. 1) . The NDFF of winter buds of the spurs sprayed on this date (26.4%) was about five times as high as the following treatments on subsequent dates (6.7% and 4.8%). Since all buds were similar in size and total N concentration (data not shown), a higher percentage of NDFF translates into a higher urea-derived N content. Oland (1963) found no difference in N content of dormant buds from 'Gravenstein' apple trees that received a foliar application of 4% urea either in September or October. However, the two applications were applied earlier in the season, separated by only 2 weeks, and the more sensitive 15 N tracer was not used. As leaves senesce (in November), they probably become less efficient at absorbing and exporting urea (or its metabolites) (Cook and Boynton, 1952) . Since foliar urea sprays may damage fruit, preharvest applications are not recommended. However, foliar applications should be made as soon after harvest as possible to maximize uptake and transport. Differences in uptake and translocation efficiency Nurea sprays on the enrichment (% N derived from fertilizer) of the treated leaves and adjacent younger and older leaves and bark. Urea was applied with a brush to the leaves when they were young and still expanding. The samples were taken 1 month later. may reflect the multitude of internal and environmental factors controlling the initiation and duration of natural leaf senescence. The most important among these factors are genotype, photoperiod, temperature, and plant vigor (Doering and Gericke, 1986) . A postharvest urea application at the beginning of leaf senescence appears to be most efficient in providing N to the developing flower buds. At the low concentrations [up to 2% (w/v)] that can be safely used in spring, little urea-N was transported from young leaves. Fall-applied urea-N, however, was detected in high concentrations in dormant buds and bark of treated spurs, but almost no N was exported to neighboring tissues. Subsequently, there was some redistribution of labeled N to adjacent buds the following spring. Fall foliar urea sprays should be applied soon after harvest, as urea absorption and export become less efficient as leaf senescence advances. 
